Main resistances of the plant water transport system are situated in leaves. In contrast to angiosperm leaves, knowledge of conifer needle hydraulics and of the partitioning of resistances within needles is poor. A new technique was developed which enabled flow-meter measurements through needles embedded in paraffin and thus quantification of the specific hydraulic conductivity (K s ) of the needle xylem. In Picea abies, xylem K s of needle and axes as well as in needles of different age were compared. In Pinus mugo, resistance partitioning within needles was estimated by measurements of xylem K s and leaf conductance (K leaf , measured via 'rehydration kinetics'). , and 24% of total needle resistance was situated in the xylem. The results indicate species-specific differences in the hydraulic efficiency of conifer needle xylem. The vascular section of the water transport system is a minor but relevant resistance in needles.
Introduction
Plants are unavoidably exposed to negative pressure (P) whenever stomata open. According to Ohm's law analogy, P at each point within the plant is determined by the cumulative resistances of the proximal water transport pathway (Boehm, 1893; Dixon and Joly, 1894; Tyree and Zimmermann, 2002) . When P exceeds specific critical thresholds, living cells, but also the water transport system, situated in dead components of the xylem, are affected (i.e. 'xylem embolism'; Tyree and Sperry, 1988; Tyree and Ewers, 1991; Tyree et al., 1994; Tyree and Zimmermann, 2002) . According to the concept of hydraulic architecture (Zimmermann, 1978) , plants optimize their internal resistances to avoid critical drops in P (e.g. Ewers and Zimmermann, 1984a, b; Tyree and Ewers, 1991; Tyree et al., 1983; Gartner, 1995; Tyree and Zimmermann, 2002; Mayr et al., 2003a; Beikircher and Mayr, 2009 ).
According to Sack and Holbrook (2006) , leaf resistance contributes between 30% and 80% to whole plant resistance (e.g. Tyree et al., 1981; Yang and Tyree, 1994; Sack et al., 2003) , and Nardini and Salleo (2000) reported even 92% of the resistance in Laurus nobilis to be situated in the leaves. Like in stem xylem, water stress can cause a further increase in the leaf hydraulic resistance when the leaf xylem is embolized. Also reversible deformation of tracheids may reduce conductance in the leaf at low P as demonstrated for conifers (Cochard et al., 2004a; ; see also Johnson et al., 2009) . Leaf hydraulics thus play a key role in limiting the P drop across leaves under transpirational conditions (e.g. Holbrook, 2003, 2005; Trifilo et al., 2003) .
Several studies have dealt with the partitioning of resistances within angiosperm leaves. Sack et al. (2004 Sack et al. ( , 2005 analysed numerous species and found 11-74% of whole leaf resistance to be situated in the leaf xylem. Other authors reported that the resistance in the vascular part of the water transport path in leaves was of minor importance compared with the extravascular part. For instance, the extravascular resistance was 80% of the whole leaf resistance in Helianthus annuus (Trifilo et al., 2003 ; also see and 62-75% in Coffea arabica (Gasco et al., 2004) . Cochard et al. (2004b) reported ;88% of the resistance in Juglans regia leaves to be situated extravascularly. Observed differences in the vascular versus extravascular resistance within leaves are probably related to experimental difficulties (Cochard et al., 2004b; Sack and Holbrook, 2006 ) but also to species-specific differences. Furthermore, total leaf resistance and its partitioning can be influenced by drought stress, irradiance, temperature, or leaf age Tyree et al., 2005; Sack and Holbrook, 2006) . Even diurnal changes were observed in H. annuus .
While there are numerous studies dealing with hydraulics of angiosperm leaves (see above and also, for example, Blackman et al., 2009) , knowledge of conifer needle hydraulics is poor. The 'rehydration method' (Brodribb and Holbrook, 2003) enabled measurements of whole needle conductance in some species (e.g. Brodribb et al., 2007; Woodruff et al., 2008; Johnson et al., 2009 ), but, due to the lack of techniques for measuring needle xylem conductivities, information on hydraulic partitioning is completely lacking.
In this study, a new method is presented which enabled measurements of the xylem resistance in needles and focused on the following questions. (i) Is the specific hydraulic conductivity of needle xylem (K s , related to xylem area and length) different from K s of corresponding axes xylem? (ii) Does the K s of needles decrease with needle age? (iii) How much does the vascular pathway contribute to whole needle resistance?
A species with small needles (Picea abies) was used for the first two questions to demonstrate that the new method also works with plant material which is difficult to handle. Xylem anatomical measurements should help to interpret hydraulic findings. For question (iii), resistance of the needle xylem and whole needle resistance were compared. The latter was measured via the 'rehydration method', for which larger needles are required. Therefore, the portioning of needle resistance was analysed in Pinus mugo.
Materials and methods

Material
Plant material was taken from the Botanical Garden, University of Innsbruck (600 m, 47°16#N/11#22#E). Samples were collected from sun-exposed branches of Norway spruce (P. abies L. Karst, height ;15 m) and of P. mugo L. shrubs (height ;2 m). Branches ;20-40 cm in length were cut between 8:00 h and 10:00 h, immediately wrapped in plastic bags, transferred to the laboratory, and re-cut (;2 cm) at least three times to release xylem tension gradually under water. From P. abies branches, axes and needle samples from current year, 1-year-old, and 2-year-old sections were used in measurements. Current year needles were taken for measurements on P. mugo.
Hydraulic conductivity of needle xylem
For measurements of the hydraulic conductivity of needle xylem, a new method was established (Fig. 1 ). This method is based on the embedding of needles in a paraffin block. This enabled samples to be sealed in a hydraulic system, whereby the arrangement of several needles in parallel resulted in measurable flow rates.
A total of 25 needles per sample were collected and the needle tips were carefully stuck into an ;2 mm high layer of plasticine. All needles were arranged in parallel at a distance of 2-5 mm from each other and within a circular area of 4.15 cm 2 . A silicone tube, 1.1 cm in height and 2.3 cm in inner diameter, was put around the needles, and the plasticine plate with this silicone ring and needles was transferred to a refrigerator (6°C) for 10 min. Afterwards, the silicone ring was filled with fluid Parablast (Parablast, Sigma Life Sciences, USA) by use of a syringe, whereby all gaps between needles were carefully filled. Parablast (melting point 50-54°C) warmed to 60°C was used. At this temperature, the Parablast was sufficiently fluid to fill all spaces between needles. The pre-cooling (1) On a plasticine plate, 25 conifer needles were arranged in parallel within a silicone ring. Parablast warmed to 60°C was used to fill in the silicone ring and the assembly was transferred to 6°C for curing. (2) The Parablast block was transferred to an ice-cooled water bath, the basal needle parts extruding from the block were cut under water and the Parablast block was fixed in a silicone tube with a metal clamp (dashed line). The silicone tube was connected to a hydraulic system with pressure head and flow-meter. When preparation and sealing of the Parablast block was successful, flow at this stage was zero. (3) The distal ends of needles were cut under water and flow rates were measured at 5 min intervals. For details see text.
in the refrigerator ensured that curing of the Parablast occurred within a few minutes and that the needle temperature during preparation stayed below 50°C (Fig. 2) . The whole assembly was again transferred to the refrigerator (6°C) for 20 min to allow for complete hardening of the Parablast block with embedded needles. This procedure resulted in a tight connection between Parablast and needles.
After removal of the silicone ring and the plasticine plate, the Parablast block (with protruding needle ends) was transferred to a bath with distilled, filtered (0.22 lm), and degassed water containing 0.005% (v/v) 'Micropur' (Katadyn Products Inc., Wallisellen, Switzerland) to prevent microbial growth. The water bath was ice-cooled to avoid draining of resin channels. At the resulting needle temperature of 2-10°C (Fig. 2) , these channels remained filled with resin and thus blocked for water transport. The proximal ends of needles were cut under water with a sharp carving knife and the Parablast block was inserted at the end of a silicone tube with an inner diameter of 2 cm and fixed with a metal clamp (Fig. 1) . A first flow measurement (see below) was taken as a control that the whole assembly was tightly sealed and that leaks between needles and Parablast were lacking. As needles were only cut open at their basal end at this time, no flow through needles was expected and, consequently, only samples which showed zero flow were used for measurements.
Next, the distal ends of all needles were cut under water and flow rates over needles were determined ( Fig. 1 ) with a flow-meter (l-Flow 500 mg h
À1
, Bronkhorst High Tech, The Netherlands) at a pressure head of 6-19 kPa (controlled via a glass capillary connected to a water reservoir). Like the water bath, the hydraulic system was filled with distilled, filtered (0.22 lm), and degassed water containing 0.005% (v/v) 'Micropur' (Mayr et al., 2003b) . Flow rates were registered after 10, 15, and 20 min, and mean rates were used for calculations. After flow measurements, the length of needles (¼height of the Parablast block) was determined for each sample.
The specific hydraulic conductivity of the needle xylem (K s ) was determined as in Equation 1
where K s is in m 2 s À1 Pa
, Q is the volume flow rate (m 3 s À1 ), l is the length of the sample (m), A X is the xylem cross-sectional area (m 2 ) of one needle, n is the number of needles per Parablast block, and DP is the pressure difference between the needle ends (Pa). For calculations, mean A X (for each species and needle age class, respectively) of randomly selected needles was used (see 'Anatomical measurements'). Values were corrected to 20°C to account for changes in fluid viscosity with temperature. For this, the temperature in the water bath was registered. In addition, the temperature at the flow-meter was monitored to enable conversion of measured flows given in g s À1 to volume units (m 3 s À1 ) considering temperature-dependent changes in density.
Staining tests
For 10 randomly selected Parablast blocks, staining experiments were conducted after flow measurements to validate that flow occurred exclusively over the needle xylem: the blocks were connected to a reservoir with 1% (v/w) dye solution (Phloxin B, Sigma Chemicals, USA) for ;5 min at 4 kPa.
Temperature measurements A type T thermocouple was inserted in one of the needles and the needle temperature was monitored during preparation of the Parablast block until flow measurements with the new method. The temperature was measured at 1 min intervals and stored by a data logger (Grant SQ 1045, Grant Instruments, UK).
Hydraulic conductivity of axes xylem Samples 1-5 mm in diameter and up to 4 cm in length were prepared from P. abies branches as described in Mayr et al. (2002) . The bark was removed and samples were re-cut several times under water. Measurements were made with a XYL'EM system (Embolism meter, Bronkhorst, France), which is based on a high resolution flow-meter. Measurement pressure was set to ;6 kPa and continuously registered and corrected for by the XYL'EM pressure transducer. Again, distilled, filtered (0.22 lm), and degassed water containing 0.005% (v/v) 'Micropur' was used.
Specific hydraulic conductivity K s of the axes samples was calculated according to Equation 1 with the cumulative xylem area of the needles (A X 3n) substituted by the cross-sectional area of the axis section (m 2 , calculated from the sample diameter and less the pith area). Calculations were corrected to 20°C to account for changes in fluid viscosity with temperature.
Rehydration analysis
This method was only used with P. mugo as long needles for determination of pressure (P) are required. The experimental procedure followed Brodribb and Holbrook (2003) . First, the capacitance (C; mol m À2 MPa À1 ) of needles was quantified by dehydration of single needles and repeated measurements of weight (Sartorius ME2355, 0.01 mg precision, Sartorius AG, Germany) and corresponding P, which was determined with a pressure chamber (Model 1000 Pressure Chamber, PMS Instrument Company, USA). Needle weight at saturation and needle dry weight were used for calculation of the relative water content (RWC, dimensionless, 1 at saturation). Secondly, conductivity measurements were made on needles (n¼12) dehydrated to about -0.6 MPa. This P range was chosen to avoid any risk of conductivity losses as there are indications for a high vulnerability of Pinus needles (Domec et al., 2009; Johnson et al., 2009 ; also see Woodruff et al., 2007 Woodruff et al., , 2008 . Distal shoots were enclosed in plastic bags for at least 1 h to equilibrate P within shoots before P was determined on cut needles with the Scholander technique (P 0 ). Then, one needle was cut under water from each shoot for the rehydration procedure: the base (;2 mm) of needles was put in a tray with distilled water and the needles were allowed to recharge for 2-5 min before P was measured (P t ). The needle conductance K leaf (mol m À2 s À1 MPa À1 ) was calculated as in Equation 2
where C is the capacitance (mol m À2 MPa À1 ), and P 0 and P t are the P (Pa) before and after rehydration for the time span t (s).
Test measurements to exclude resin effects
Test measurements were made to exclude negative effects of high resin contents in needles (data not shown). Rehydration kinetics of Hydraulics of needle xylem | 4385 needles cut once at the beginning or repeatedly trimmed during rehydration (thereby removing possible resin blockages at the proximal needle end) were compared, and no effect on flow rates was observed. Rehydration was also analysed at different temperatures (as resin ducts remain filled at low temperature), and no effect on flow measurements (when corrected for viscosity changes) was observed. The procedure used for rehydration measurements thus was expected to enable accurate determination of needle conductance.
Anatomical measurements
For the analysis of needle xylem anatomy, P. abies needles embedded in Parablast blocks (previously used in conductivity measurements) were randomly selected after staining with Phloxin B (see last paragraph in 'Hydraulic conductivity of needle xylem'). Cross-sections were cut with a razor blade and anatomical parameters were analysed with a light microscope (Olympus BX41, Olympus Austria, Vienna, Austria) interfaced with a digital camera (Cyber-shot DSC-W17, Sony, Vienna, Austria) and image analysis software (ImageJ 1.37, public domain, National Institutes of Health, Bethesda, MD, USA). The xylem area A X was marked in images and measured, and the mean area was used in conductivity calculations (see Equation 1). For needles of P. abies, the diameter of all tracheids within the xylem was calculated from cross-sectional conduit areas assuming a square shape, averaged per sample, and the mean diameter (d) calculated from these values. The average hydraulic conduit diameter of each sample was calculated according to Equation 3 (Sperry and Hacke, 2004) 
where d is the diameter (lm) of the conduits analysed. Values of all samples were then used to calculate the mean hydraulic conduit diameter (d h ). Axes samples (randomly selected from samples previously used for conductivity measurements) were soaked in ethanol/glycerol/ water solution (1:1:1, v/v/v) for at least 1 week. Cross-sections (10 lm) were cut with a microtome (Schlittenmikrotom OME, Reichert, Vienna, Austria) and stained with phloroglucinol-HCl. Within normal wood of twigs, individual conduit diameters were analysed in randomly selected radial sectors bordered by ray parenchyma (e.g. ). According to analysis in needles, mean d and d h of samples were calculated.
For the analysis of cross-sectional areas along P. abies needles, randomly selected needles of each age class were cut at 2 mm intervals and cross-sections were analysed. In microscopic images, the xylem area, the area within the endodermis, as well as the whole needle cross-sectional area were marked and quantified.
Statistics
All values are given as mean 6SE (the number of samples is included in tables and figures or given in the text). Differences were tested with Student's t-test after testing for Gaussian distribution (Kolmogorov-Smirnov test) and variance homogeneity (Levene test) of data. In the case of inhomogeneous variances, the Tamhane test (needle K s , needle area, axes d h ) or Welch's test (difference in K s between needles and axes) was used. All tests (two-tailed) were performed pairwise at a probability level of 5% using SPSS (Ver. 15.0, SPSS Inc., Chicago, USA).
Results
Methodical aspects
The newly developed method is based on the embedding of needles in a Parablast block, which allowed needles to be sealed in a hydraulic system and to increase flow values by measurements of several needles in parallel (Fig. 1) . Embedding in principle worked well, but turned out to be the critical step of the method. About 50% of P. abies samples showed some conductivity before needles were cut at the distal ends (indicating leaks in the Parablast blocks). Embedding of larger needles (P. mugo) was less difficult. Staining experiments (Fig. 3) revealed that in samples which were successfully prepared, the xylem of all needles was conductive while no staining occurred in other regions of the needles or Parablast block. Even after >2 h, no staining in transfusion tissue or the mesophyll was observed. Staining experiments also proved that cooling of needles prevented flow through resin channels, while at higher temperatures, when ducts were emptied, resin ducts were stained (and flows increased dramatically).
Parablast was used for embedding because needles were exposed to <50°C at a maximum (Fig. 2) , and high temperature exposure lasted for a few minites only. It is thus expected that needle temperatures during preparation and measurements did not affect the hydraulic conductivity of the xylem in needles. 
Xylem hydraulic conductivity in needles and axes of
Anatomy of needle and axes xylem of Picea abies
The mean area of needle xylem was similar in all needle age classes, and tracheids within the xylem showed diameters of 3.7 lm on average (Table 2 ). In normal wood of axes, mean tracheid diameter was 6.9 lm 2 . Figure 4 demonstrates that needles showed a relatively small spectrum of tracheid sizes.
Along needles, the xylem cross-sectional area was largest (2423644 lm 2 ) ;3 mm from the basal end (Fig. 5) . Towards the tip, the area decreased linearly with a measured minimum of 1380620 lm 2 . In contrast, the cross-sectional area of the whole needle increased along the needle and reached its maximum in the distal third of the needle. This pattern was even more pronounced in the area within the endodermis (Fig. 5) with a 1.6-fold increase from the basal to the maximum area at 2 mm from the tip.
Hydraulic efficiency of Pinus mugo needles
The rehydration method following the procedure given in Brodribb and Holbrook (2003) 
Discussion
The hydraulic architecture of conifer shoots is to some extent similar to the vein system of angiosperm leaves (e.g. Sack and Holbrook, 2006) : the xylem branches out and, from the distal, dead-ending xylem sections, water flows to the mesophyll. The cross-section of the xylem decreases towards the needle's tip (Fig. 5) , like xylem areas decrease in higher vein orders. However, within a typical conifer needle the xylem is situated in a central cylinder (Zwieniecki et al., 2006) and water is distributed to the needle mesophyll via the transfusion tissue. Thus, all mesophyll cells within a needle depend on the hydraulic function of one central xylem cylinder, while there is much more redundancy in angiosperm leaves. The new method (Fig. 1 ) tested in this study is the first technique which allows measurements of conductivities in ) of the xylem of current year (0), 1-year-old (1), and 2-year-old (2) samples of needles and axes. Values in each row not followed by the same letter differ significantly. Significant differences in K S between needles and axes xylem (within rows) are marked by asterisks. Mean 6SE. P < 0.05. n¼number of samples. Fig. 4 . Frequency distribution of conduit diameters in the xylem of needles of Picea abies. The relative number of conduits is given for 1 lm classes and shown for current year, 1-year-old, and 2-year old samples of needles (N0, N1, and N2). The number of samples is identical to n of tracheid diameter in Table 2 .
the xylem of needles. The hydraulic conductivity of small needles (P. abies) as well as of needles with many resin channels (P. mugo) could be quantified. The xylem area measured in the centre of needle sections should thereby sufficiently reflect mean xylem area for conductivity calculations as there was a nearly linear decrease in xylem area along the needle ( Fig. 5 ; also see Zwieniecki et al., 2006) . In dye experiments, no staining in transfusion tissue or mesophyll was observed (Fig. 3) . Thus, water transport outside the xylem is negligible for axial flow measurements through the needle. It is also assumed that the exposure to high (embedding; Fig. 2 ) and low temperatures (avoidance of emptying of resin channels) did not affect the xylem and its function. Possible effects on living cells of needles are not relevant for measurements of xylem K s . It is thought to be unlikely, but it cannot be excluded, that mesophyll cells were damaged by the temperature treatment reducing possible axial conductivities in mesophyll tissues. However, calculations of xylem K s would still be correct and enable the questions formulated in the Introduction to be answered.
(i) The xylem of needles showed a specific hydraulic conductivity (K s ) slightly lower but overall similar to corresponding axes xylem (Table 1) indicating that hydraulic efficiency of the xylem in needles and axes does not differ substantially. Only K s of 2-year-old needles was smaller than that of the xylem in the 2-year-old branch section, indicating an age-related trend in needles (see below). Interestingly, specific conductivities in the most distal axes sections seem to be similar to those in older branch parts as K s in P. abies samples, 10 mm in diameter, was reported to be 5.1310 À4 m 2 s À1 MPa À1 on average (Mayr and Cochard, 2003 ; but also see Mayr et al., 2003a) . Differences in hydraulic diameters d h (Table 2 ) between axes and needle xylem were more pronounced than differences in K s . Please note that only normal wood was analysed in axes samples and d h thus was overestimated compared with hydraulic measurements on samples which also contained compression wood.
(ii) Older needles of P. abies showed a decrease in xylem K s (Table 1) , although no corresponding trend in anatomical parameters (Table 2 ) was observed. There was no difference in diameter, hydraulic diameter, or diameter distribution of tracheids (Fig. 4) . The reduction in K s of older needles may thus indicate hydraulic limitations based on blockages of conduits. It would be interesting to focus on possible links between hydraulic limitations and the induction of senescense of leaves in future studies.
(iii) Leaf conductance (K leaf ) of P. mugo was 1.8 mmol m À2 s À1 MPa À1 and thus rather low compared with other conifers Woodruff et al., 2008; Brodribb and Cochard, 2009 
In P. mugo, K leafX was 7.3 61.2 mmol m À2 s À1 MPa À1 , which is 4.1-fold higher than K leaf . In other words, the resistance of the needle xylem contributes 24% to the total needle resistance, which is similar to the portion of the vascular resistance reported for Helianthus and Coffea leaves (Trifilo et al., 2003; Gasco et al., 2004) . As demonstrated by Zwieniecki et al. (2006) , the xylem resistance in needles limits the axial distribution of water and thus the possible length of needles. It is suggested that, when water has left the central xylem cylinder, the transfusion tissue plays a key role in radial water shifts. As demonstrated in Fig. 5 , the portion of the transfusion tissue within the needle cross-sectional area can change along the needle, which may improve transport capacities in distal needle parts.
In summary, conifer needles, although based on a simple hydraulic design with only one central vein, are composed of a complex (and probably species-specific) pattern of vascular and extravascular resistances. The vascular section of the water transport system, with a hydraulic efficiency similar to axes xylem, is probably a minor but relevant resistance in needles. Adjustment of vascular and extravascular resistances thus is a prerequisite to avoid critical pressure drops and to allow sufficient stomatal opening for photosynthetic activity in conifer needles.
